Growth of the ruminal bacteria Ruminococcus flavefaciens FD1, Seknomonas ruminantium HD4, and Butyrivibrio fibrisolvens 49 was limited by ester-linked feruloyl and p-coumaroyl groups. The limitation of growth on phenolic acid-carbohydrate complexes varied with individual bacteria and appeared to be influenced by ability to hydrolyze carbohydrate linkages.
Ferulic and p-coumaric acids limit the biodegradation of plant fiber. In vitro studies (2) indicated that concentrations of these phenolic acids above 1 mM inhibited growth of many species of ruminal bacteria. Further, research (6) has shown that these phenolic acids are esterified to arabinoxylans within the plant cell wall, and digestibility of plant cell walls has been related to amounts of phenolic acids released by alkali treatment (5) . Formation of ester bonds between phenolic acids and plant wall polysaccharides through in vitro syntheses, while not entirely representative of naturally occurring esters, reduced biodegradation of carbohydrates (1, 11) , further supporting the contention that phenolic esters limit carbohydrate degradation by ruminal microorganisms. Studies to date have focused on the inhibition of carbohydrate degradation by the presence of phenolic acids, but little work has been done on the microbial utilization of sugars that are bound to phenolic acids through ester bonds. Information on this phenomenon is hindered by the lack of appropriate naturally occurring esters to test as substrates. Recently, [5- prepared by aseptically dispensing in the glove box 3 ml of autoclaved basal medium to each tube containing FAXX or PAXX or 10 ml to tubes with A/X. Then, a 0.5-ml aliquot from each stock solution was aseptically dispensed to the matched tubes containing 4.5 ml of basal medium. Tubes were fitted with black butyl rubber septa and a retaining cap and removed from the glove box. This procedure provided tubes with unautoclaved substrates at 1 mM concentrations of FAXX or PAXX or equivalent concentrations of arabinose (1 mM) and xylose (2 mM). Identical procedures were used in testing equimolar concentrations of arabinose, xylose, xylan, A/X plus free ferulic and p-coumaric acids, methyl 5-0-feruloyl-cx-L-arabinofuranoside (FA), and arabinose plus ferulic acid (F/A). To test the effect of saponification of ferulic acid from FAXX on bacterial growth, 1 mM concentrations of FAXX and A/X (as a control) were incubated with 0.5 ml of 0.1 M NaOH at room temperature for 30 or 60 min before the addition of basal medium for the anaerobic stock solutions of substrates. In these comparisons, 0.5 ml of distilled water was added to 1 mM concentrations of substrates before the addition of basal medium for stock solutions.
Starter cultures 18 to 24 h old from maintenance media To test for esterase activities, R. flavefaciens and B. fibrisolvens were grown to stationary phase on xylan and S. ruminantium HD4 was grown to stationary phase on A/X. Supernatants were clarified by filtration (0.45-or 0.2-pum pore size), dialyzed, and assayed for esterase activity, using FAXX or PAXX as the substrate. The methods were those published previously (3) . Briefly, p-coumaric and ferulic acids released from PAXX and FAXX, respectively, were separated from the assay mixture by reverse-phase highperformance liquid chromatography and quantitated by UV A313. Control treatments for assays were undertaken with heat-denatured enzyme preparations. Each assay was performed with duplicate replications of triplicate tubes. R flavefaciens did not grow well on A/X, FAXX, or PAXX, with maximum absorbances of 0.019, 0.014, and 0.013, respectively, during incubation for 24 h. This bacterium, which is a major fiber degrader in the rumen, produces cellulases and xylanases, but many strains use relatively few free sugars as substrates (13) . In our study, although R. flavefaciens did not grow on A/X, some growth occurred on oat spelt xylan as indicated by protein content (Table 1) . However, Hespell et al. (10) reported that strain FD1 did not utilize xylan well, having low growth efficiencies on this substrate. Lack of growth on FAXX and PAXX appeared to be primarily due to the inherent inability to utilize arabinose or the xylobiose moiety of the complex, rather than an inhibition due to esterification. Phenolic acid esterases were not detectable in supematants from growth on xylan (Table  1) .
S. ruminantium grew rapidly on A/X, completing logarithmic growth by 3 to 5 h ( Fig. 1 and 2 ). The addition of 1 mM concentrations of ferulic or p-coumaric acid to A/X supported growth similar to that on the carbohydrates alone, indicating that this level of phenolic acid was not inhibitory or stimulatory to growth (Fig. 1) . However, FAXX supported only scarce growth, and absorbance was only slightly higher than that on basal medium without carbohydrates (Fig. 1) . Another study confirmed the lack of growth on FAXX and further established that S. ruminantium also did not grow on PAXX; in this study, maximum absorbances were 0.338, 0.072, and 0.060 for growth on A/X, FAXX, and PAXX, respectively, after incubation over a 20-h period. S. ruminantium had no detectable feruloyl or p-coumaroyl esterase activity (Table 1) , which was consistent with the lack of growth on FAXX and PAXX. Oat spelt xylan did not support growth of S. ruminantium.
The effect of ester-linked phenolic acid-carbohydrate complexes on growth of S. ruminantium was further investigated (Fig. 2) . Growth was not supported by FAXX, FAXX treated with 0.1 M NaOH, or FA. Growth was supported, however, by 1 mM concentrations of arabinose plus free phenolic acid. Absorbance on F/A was about one-third that of growth on A/X, which corresponded to the fact that F/A contained one-third the substrate concentration as A/X. The pH at stationary growth in this study was 6.6 to 6.7 for all substrates, suggesting that growth ceased because of exhaustion of substrates rather than production of inhibitory concentrations of fermentation acids and subsequent drop in pH.
S. ruminantium uses a wide range of sugars, including arabinose and xylose, but not xylan (10, 13). Our work indicates that this strain grew well on A/X ( Fig. 1 and 2 ) but could not grow on oat spelt xylan. The present study indicated that linkages within the FAXX and PAXX complexes prevented the utilization of arabinose and xylose by S. ruminantium. Esterification of the phenolic group to arabinose appeared to prevent utilization of the carbohydrate for growth on FA. The apparent inability of S. ruminantium to hydrolyze the arabinofuranoside or xylobiose moiety contributed to the total lack of bioavailability of FAXX or PAXX.
B. fibrisolvens grew on phenolic-carbohydrate substrates and on pentoses alone (Fig. 3) , but growth was slower than that with S. ruminantium, completing logarithmic growth by ca. 20 h. B. fibrisolvens grew faster on FAXX or PAXX compared with A/X (Fig. 3) .r than on FAXX or PAXX. Since absorbance suggested that some available carbon was present in the g after 24 h (Fig. 3) complexes was studied further in a series of fibrisolvens produced esterase activities against both FAXX esTreatment with 0.1 M NaOH for 30 min to and PAXX, with substantially higher amounts of feruloyl ester linkage in FAXX (7) tended to result in esterase (Table 1) . This finding was consistent with the fact ter absorbance over that with untreated FAXX that B. fibrisolvens grew well on FAXX and PAXX and that 120 h, but results were not significant (P> 0.05) absorbance on FAXX was slightly but consistently greater than on PAXX at comparable hours ( Fig. 3 and Table 2 ). Growth over a 26-h period indicated that rates of growth were similar between A/X and A/X supplemented with either ferulic or p-coumaric acid. These results indicate that phe- (12, 13) . In addition to degrading xylans (10) , this bacterium produces an arabinofuranosidase (9) 
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